A novel silicide process with two-step low temperature microwave annealing (MWA) achieves NiSi thickness of 10 nm while maintaining low resistance, and an ultra-thin Ni silicide film, only 4.5 nm, has been realized. In this MWA system, we insert quartz and Si susceptors to change the absorption efficiency of the process wafer and provide fine turning in temperature control during annealing. The thickness of NiSi film is determined by microwave power and by changing the number and the position of quartz and Si susceptors in the first step of the anneal process. The STEM-HAADF combined EELS/EDS spectroscopies are used to analyze the electronic excitations and identify the phase of Ni silicide. © 2014 The Electrochemical Society. [DOI: 10.1149/2.006405jss] All rights reserved.
NiSi, a transition metal silicide, has been increasingly used for contacts in the latest complementary metal oxide semiconductor (CMOS) devices, owing to its low temperature of formation and low Si consumption during silicidation, low sheet resistance (R S ) and lower leakage current. 1, 2 The use of NiSi currently faces a difficult trade-off between thickness and sheet resistance. The contact junction depth must still scale with gate length. To avoid high contact resistance and high contact leakage, no more than half the contact junction depth can be consumed in the formation of the silicide. Therefore, the silicide must become progressively thinner to accommodate the more shallow contact junction for scaled contacts. The rapid thermal annealing (RTA) has been widely used for silicidation and exhibits difficult thinthickness and phase control. Microwave annealing (MWA) 3 has been realized to activate implanted dopants through solid phase epitaxial regrowth at low temperature. 4 It is promising for achieving advanced Si or Ge CMOS because of its unique volumetric heating and low temperature due to apparent non-thermal energy transfer. 5 The advantages of replacing rapid thermal annealing (RTA) with MWA are ultra-thin NiSi formation, diffusion-less junction, improved capacity of gate oxide and lower gate leakage. In this work, a novel two-step low temperature MWA process is used to form homogeneous NiSi contact films with low sheet resistance while not sacrificing thickness and quality.
During silicidation, many kinds of nickel silicide phases may appear simultaneously. 6 It has been reported that the predominant phases are Ni 2 Si, NiSi and NiSi 2 , form in the ranges 200-350, 350-750, and 750-1000
• C, respectively. 7 The NiSi has the lowest resistivity among three different phases and other metal silicides. Furthermore, the Ni atoms are the primary moving species during the formation of NiSi phase. It could prevent the bridging effect which results in short circuit area between gate and source/drain. 8 It is well recognized that identification of nickel silicide phases after annealing is of crucial importance to its performance, especially, while these phases are formed in nano-polycrystalline layer. In this study, we use electron energy-loss spectroscopy [9] [10] [11] [12] [13] and energy dispersive X-ray spectroscopy 13, 14 in conjunction with scanning transmission electron microscopy 14 (STEM-EELS/EDS) in order to identify the nickel silicide phases concentrating primarily on the Z-contrast image with atomic spatial resolution, elemental analysis, bulk plasmon excitaions and the chemical bonding.
Experimental
Two-step low temperature MWA.-Low resistance and ultra-thin NiSi is achieved by inserting quartz and Si susceptors above and bez E-mail: ctwu@narlabs.org.tw low the process wafer during MWA. Figure 1 shows the schematic illustration of the MWA system. Si susceptors placed near the process wafer improve the uniformity of microwave energy absorption. The absorption of microwave power by quartz wafers is negligible. However, quartz wafers will absorb the heat from Si susceptors and help system to heat evenly. Therefore, quartz and Si susceptors change the absorption efficiency of the process wafer and provide fine turning in temperature control during MWA.
According to our experiments, the 10 nm Ni film shows better uniformity control of NiSi films than 5 nm Ni film. Moreover, when the thickness of Ni film decreases to 3 nm, it is easy to form a local NiSi 2 phase with a pyramidal structure penetrating into the underlying Si. A nominal 10 nm Ni film was pre-deposited on Si wafer by physical vapor deposition (PVD) with bias contact at the back side. Twostep annealing for NiSi layer formation was carried out by MWA processes. MWA uses a 5.8 GHz microwave source that results in heating of the bulk Si and Ni films. Each annealing step lasted for 300 sec.
A thin nickel silicide layer with partial crystallinity was formed by first MWA step. Then, we removed unreacted metal (Ni rich layer, Ni: >93%) by selective wet etching with H 2 SO 4 :H 2 O 2 (3:1) solution at 120
• C. After removing excess Ni, the second step MWA was performed. The thermal budget of the second step MWA is sufficient to transform the original partial-crystalline silicide into crystalline NiSi films with slightly increasing the silicide thickness. resolution of ∼0.6 eV. With the 0.2 nm electron probe, we can explore the electronic excitation of an individual nano-object with high spatial resolution. The high-angle annular dark-field (HAADF) image with atomic spatial resolution (∼1 angstrom) was carried out in an aberration-corrected STEM (JEOL JEM 2100F).
STEM-EDS/EELS measurements.-In addition, our EELS/EDS

Results and Discussion
A series of NiSi films (samples A,B and C) using MWA are performed and summarized in Table I . We supply different thermal budgets and setups in first-step MWA leads to various silicide thickness. All samples used the same optimum condition in setup 3 chamber with 1200 W microwave power in the second step annealing. 16 nm (sample A) and 10 nm (sample B) NiSi film are achieved by using setup 1 and setup 2 chambers, respectively, with 600 W microwave power in the first step MWA and followed by second-step MWA. The setup 1 chamber totally uses two Si susceptors and four quartz wafers above and below the process wafer. The setup 2 chamber added one more Si susceptor above the process wafer in order to absorb microwave energy and then reduce the process temperature. The maximum wafer surface temperatures in setup 1 and setup 2 chambers are 240
• C and 196
• C, respectively, as measured with a thermal label. The setup 3 chamber totally uses four Si susceptors and four quartz wafers above and below the process wafer with 1200 W microwave power. The maximum temperature on process wafer surface rises above 360
• C as measured with an infrared thermometer from back-side (a thermal label showed a maximum temperature of about 300
• C). Here, we note that the measured temperature should be considered as approximate due to the difficulties of temperature measurement in a microwave process chamber.
When MWA at 600 W was used with more than three Si suceptors, the resutling NiSi had poor thickness uniformity and mixed phases. A 4.5 nm NiSi film with very few NiSi 2 nano-islands, sample C, could be achieved by using setup 1 chamber with lower microwave power, 540 W, for the first step MWA. The maximum temperature on the process wafer surface is 233
• C. Figures 2a ∼ 2e show the [1-10] Si substrate cross-sectional HRTEM images of thin silicide layers. Figure 2a shows a typical thin silicide layer with partial crystalline and unreacted Ni (on top) was formed by the first step MWA of sample B. After the second step MWA, silicide thickness is slightly increased from 9 nm to 10 nm. Figures 2b ∼ 2d show the HRTEM images of NiSi thin film samples A (16 nm), B (10 nm) and C (4.5 nm) after two-step MWA processes. In the HRTEM images, the large grain crystalline NiSi phase, without NiSi 2 penetration into Si could be observed and identified by its d-spacing. 15 In our previous studies, a series of samples comparing two-step RTA/RTA, RTA/MWA and MWA/RTA anneals was carried out. According to these experiences, it is easy to form NiSi 2 phase with pyramidal structure penetrating into the underlying Si, as shown in Fig. 2e , after RTA or MWA process with higher thermal budget. Furthermore, while the thickness of nickel silicide reduces, a mixed NiSi/NiSi 2 phase is easy to form even for temperatures below 750
• C. Low-temperature MWA process and the formation of a partially crystalline NiSi layer in the first step are the key to achieve the ultra-thin NiSi film without penetrating NiSi 2 phases. Furthermore, the thickness of NiSi film is determined by microwave power and by changing the number and the position of quartz and Si susceptors in the first step of the anneal process. Moreover, the uniformity of NiSi film could be improved by chamber design, such as wafer rotation during process with quartz susceptor-assisted. 16 As the silicide thickness is pushed to below 10 nm after RTA or MWA process, in experience, it is easy to form nano structures with NiSi 2 phases in the silicide layer. [17] [18] [19] Figure 3 shows the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Si substrate high-resolution HAADF image of the 4.5 nm NiSi sample, with the brightest contrast signifying NiSi (green inset, Fig. 3 ) and the bright one in the right inset directing to NiSi 2 (red inset, Fig. 3 ) taking into account the weight sensitivity of the STEM-HAADF technique. It clearly shows a 4.5 nm NiSi thin film formed with a few, small and non-penetrating epi-NiSi 2 (10 ∼ 20 nm) regions at Si surface. These small NiSi 2 regions are not observed in 10 nm and 16 nm NiSi films. The volume fraction of NiSi 2 nano-island in 4.5 nm NiSi thin film is below 10%. By the HAADF imaging, lattice parameters of Si and NiSi 2 are similar (Si: 0.5430 nm, NiSi 2 : 0.5406 nm), 13 and the in-plane mismatch between the atomic spacing on the NiSi 2 (111) and Si (111) planes is only 0.5%. Therefore a NiSi 2 layer is easy to form by epitaxial growth on Si(111) oriented substrates, as shown in right-insert figure in Fig. 3 with an epitaxial relation of NiSi 2 (111) // Si (111). 20 In addition, the STEM combined EELS/EDS spectroscopies were also performed to identify the phase of nickel silicide. The Si elemental compositions of NiSi and NiSi 2 in Fig. 3 by STEM-EDS are ∼52% and ∼69%, respectively. Moreover, the Si elemental compositions in 10 nm and 16 nm NiSi films are 50% approximately. Fig. 4a shows portion of the STEM-EELS spectra taken across the interface with the electron probe pinpointing the observed Si, NiSi and NiSi 2 , respectively. Upon positioning the electron probe at Si (Fig. 4a) , we observed the characteristic bulk-plasmon excitation, 16.7 eV, 21, 22 of the material. The readily observed bulk-plasmon excitations of NiSi 2 (19.7 eV) and NiSi (20.3 eV) in Fig. 4a are also nicely consistent with the known values of the respective materials, 10 in agreement with the STEM-EELS characterizations in Fig. 3 . Furthermore, the variation of the binding energy of the Ni L 2,3 edge between pure nickel and nickel silicides are known to be 0.1 ∼ 1.9 eV (from Ni to Ni 3 Si, Ni 31 Si 12 , Ni 2 Si, NiSi, NiSi 2 ). 23, 24 The chemical shifts of the Ni L 2,3 edge between NiSi and NiSi 2 is only 0.7 eV. However, there is no standard material, such as pure nickel, to be used as a reference for energy calibration in the sample. Therefore, the chemical shifts of core loss peaks are difficult to identify as NiSi and NiSi 2 phases. The branching (spin-orbit splitting) ratio of the L 2,3 edge is a candidate to be considered based on the information about oxidation state. 25 A typical X-ray photoelectron spectroscopy (XPS) spectrum of NiSi film is shown as an open-square (blue color) curve in Fig. 4b . The branching ratio can be calculated from the transition probability of 2p 1/2 and 2p 3/2 electrons to 3d orbits with background subtraction, and the ratio is 0.74 in agreement with the result of 0.75 ∼ 0.77 in previous studies. 11, 26, 27 In this study, the NiSi 2 phase is formed in small grain sizes in nanoscale which is difficult to obtain through XPS measurements due to its limited spatial resolution (∼15 μm). The spatially-resolved technique of STEM-EELS becomes an otherwise approach for studying the Ni-L 2,3 edge ELNES of such nano-scale phase, as shown in Fig. 4b . The dash-square (green color) and triangular-line (red color) curves in Fig. 4b are the Ni-L 2,3 edge ELNES spectra of NiSi and NiSi 2 , respectively, after background subtraction and Fourier-ratio deconvolution of the plural scattering effects. The intensities had been 
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After the first MWA step, the silicide thickness is extremely thin and the R S is relatively high, as shown in Fig. 5a . After we apply a second MWA step, the R S is markedly improved. The R S of 16 nm, 10 nm and 4.5 nm NiSi films were reduced to 11, 18 and 50 ohm/sq. from 130, 170 and 240 ohm/sq., respectively. As expected, the thicker NiSi film has a lower R S value. Furthermore, the higher sheet resistance of 4.5 nm-thick NiSi film should be attributed to more scattering for thinner film. Fig. 5b shows good thermal stability of NiSi films at least 450
• C (4.5 nm NiSi) and 600
• C (10 nm and 16 nm NiSi).
Conclusions
In conclusion, we demonstrate a novel silicidation process that forms NiSi thin films at a thickness of 10 nm while maintaining a low Rs. with two-step low temperature MWA. Using this method, an ultra-thin Ni silicide film, as thin as 4.5 nm, can be fabricated. The thickness of NiSi film is determined by microwave power and by changing the number and the position of quartz and Si susceptors in the first step of the anneal process. The STEM-HAADF combined with EELS/EDS spectroscopies are also performed to identify the phase of nickel silicide.
